Introduction
Tuberculosis (TB) is a lethal infectious disease which is caused by Mycobacterium tuberculosis. The alarming rate at which the incidence of bacterial resistance to known antibiotics has been rising is a serious cause of concern. At present, the two well known anti-tuberculosis drugs, isonicotinic acid hydrazide (INH, isoniazid) and pyrazinamide (PZA, pyrazin-2-carboxamide) which are important components of the current course of the first-line TB chemotherapy suffer from increasing bacterial resistance. The other drugs of the combination therapy include rifampicin and ethambutol. It may be noted that both INH and PZA are prodrugs and require specific enzymes to convert them into drugs. INH is activated by a bacterial heme enzyme catalase peroxidase (MtCP) into a free radical form (Scheme I) (Zhang et al., 1992) . The structure of unliganded MtCP is known (Bertrand et al., 2004) and detailed information is available about the substrate-binding site and the residues that might be involved in the binding and conversion of INH into a beneficial product. However, a precise mode of binding and the mechanism of action are not yet clearly understood because the structure of INH bound MtCP is not yet determined. On the other hand, PZA is metabolized into its active form pyrazinoic acid (POA) by amidase activity of the Mycobacterium tuberculosis nicotinamidase/pyrazinamidase (PncA) (Scheme II) (Konno et al., 1967) . Although the crystal structure of pyrazinamidase in complex with POA is known but the structure of the complex with the original compound PZA is not yet determined. Therefore, the mode of binding of PZA with PncA has not so far been revealed. As shown by the crystal structure of the complex of LPO with INH, the binding of INH to lactoperoxidase (LPO) occurs through the distal heme cavity where INH interacts with a conserved water molecule W1 which is hydrogen bonded to ferric iron (Singh et al., 2010) . Similarly, as revealed by the structure determination of the complex formed between LPO and PZA, PZA has been located in the substrate-binding site and interacts with substrate recognition residues of LPO (PDB ID: 3R4X) indicating a possible role of LPO in the conversion of PZA into an active form. Although the crystal structure of the PZA bound PncA is not known but a piece of information is available on the possible mode of ligand binding based on the molecular modeling data (Petrella et al., 2011) . Therefore, it is of great interest that both prodrugs, INH and PZA bind to LPO specifically at the substrate-binding site on the distal heme side as the substrates bind to LPO (Singh et al., 2009 ) so that these www.intechopen.com Understanding Tuberculosis -Deciphering the Secret Life of the Bacilli 278 compounds are converted into useful antimicrobial products. Since LPO is able to bind and oxidize both of these compounds, the role of LPO in the treatment of TB appears to be quite plausible. It may be mentioned here that the peroxidase activity of MtCP was shown to be associated with the activation of isoniazid (Zhang et al., 1992) . It may also be mentioned here that the role of LPO has already been demonstrated in the bacterial clearance of airways by inhaling INH because LPO and H 2 O 2 are present in the mucus of airways (Sawatdee et al., 2006) . Thus, understanding the mode of binding of INH and PZA to LPO as well as the mechanisms of action of LPO with respect to these compounds will provide important insights on the possible mode of bindings of INH and PZA to bacterial enzymes MtCP and PncA respectively. 
Lactoperoxidase
Lactoperoxidase (EC.1.11. 1.7) (LPO) belongs to the family of mammalian heme peroxidases which also includes myeloperoxidase (MPO), eosinophil peroxidase (EPO) and thyroid peroxidase (TPO). LPO is present in exocrine secretions such as milk, saliva and tears. A l t h o u g h i t i s p r o d u c e d a t d i f f e r e n t s i t e s i n h u m a n b o d y b y v a r i o u s g l a n d s s u c h a s mammary, salivary and lachrymal with varying amino acid sequences but these were found to be chemically and immunologically similar (Kussendrager & van Hooijdonk, 2000 & Reiter, 1996; Hoogendoorn et al., 1977) at the expense of hydrogen peroxide (H 2 O 2 ) in order to generate reactive products with a wide range of antimicrobial activities (Reiter & Harnulv, 1984; Reiter & Perraudin, 1991; Wolfson & Sumner, 1993) . LPO also catalyzes the bielectronic oxidation (by two 1-electron steps) of a number of physiologically relevant aromatic organic compounds (Ciaccio et al., 2004; Zhang & Dunford 1993; Monzani et al., 1997; Ferrari et al., 1993; Doerge & Decker, 1994; Sipe, 1994; Cavalieri et al., 1997; Ghibaudi et al., 2000; Ramakrishna et al., 1993) .
The biological significance of lactoperoxidase is related to its involvement in the natural host defense system against invading micro-organisms (Reiter & Harnulv, 1984; Reiter & Perraudin, 1991; Wolfson & Sumner, 1993) . Apart from that, it was also reported to be involved in the antiviral activity (Mikola et al., 1995; Pourtois et al., 1990; Shin et al., 2005) , degradation of various carcinogens and protection of animal cells against peroxidative effects (Tenovuo et al, 1985) . It may be noted that the reaction products generated by the catalytic action of lactoperoxidase are harmless to mammalian cells (Reiter & Harnulv, 1984) .
Lactoperoxidase is a heme-containing single chain protein with 595 amino acid residues. Its molecular mass is approximately 68 kDa. LPO is a basic protein with an isoelectric point of 8.2. The carbohydrate content of this protein molecule is about 10% for the four glycosylation sites (Carlstrom, 1969) . LPO contains a covalently linked prosthetic group in the catalytic centre which is a derivative of protoporphyrin IX (Thanabal & La Mar, 1989) . The iron content of LPO is 0.07% (Paul & Ohlsson, 1985) corresponding to one iron atom per LPO molecule which is a part of the heme prosthetic group. The overall molecular structure of LPO is stabilized by a calcium ion which is strongly bound to LPO molecule through seven-fold coordination.
Mechanism of action
LPO catalyzes a set of reactions where the resting ferric enzyme (Fe 3+ ) is oxidized rapidly by hydrogen peroxide to form compound I (Kussendrager & van Hooijdonk, 2000) , an oxyferryl porphyryl radical species where an oxygen is coupled by a double bond to the iron (Dolphin et al., 1973) which subsequently oxidizes two aromatic substrate molecules as follows:
Where S is an aromatic substrate and S* is an 1-electron oxidized form of substrate.
Structure of lactoperoxidase
Lactoperoxidase folds into an oval-shaped structure which is largely -helical with 20 -helices and two small anti-parallel β-strands ( Figure 1 ) (Singh et al., 2008) . The central core of the protein consists of five long -helices, H2, H5, H6, H8 and H12. The N-terminal segment of LPO does not form any repetitive structure till amino acid residue number 75 from where -helix H1 starts which is a short helix. It is connected to H2 through a long chain. The -helix H2 is connected to two unique -helices H2a and H2b which are absent in MPO (Zeng & Fenna, 1992) . These helices are followed by two short -helices, H3 and H4. The -helices H5 and H6 are connected through a V-shaped loop which is flanked by two short extended chains. A core -helix H8 forms a triangle with helices H5 and H6. Heme group is sandwiched between helices H2 and H8. This is connected to the region consisting of helices H12, H13, H14, H15, H16 and parts of helices H17, H18 and H19. This region represents the crown of the back face of the core region. Three helices H2, H5 and H6 also form a triangle below which lies the heme group. The other two core -helices, H8 and H12 which run parallel to each other and form the lower wall on which the heme moiety rests. The heme moiety is located nearly at the centre of the protein. The δ-heme side is accessible through a channel from the surface of the protein. The structure is stabilized by a calcium ion which forms a seven fold co-ordination. In the structure of LPO, Ser-198 is phosphorylated and seems to facilitate the entry of calcium ion into the core of protein molecule. 
Heme moiety
The heme moiety in LPO is a derivative of protoporphyrin IX (Thanabal & La Mar, 1989) in which the methyl groups on pyrrole rings A and C are modified to allow formation of ester linkages with carboxylic groups of Glu258 and Asp108 respectively (Figure 2 ). The ferric iron atom is coordinated to four heme nitrogen atoms in a slightly distorted planar arrangement. The fifth coordination is provided by proximal His351 while on the sixth side a conserved water molecule W1 is located at a hydrogen bonded distance from the heme iron. The heme moiety is deeply buried inside the protein molecule while the heme cavity is surrounded by a number of -helices from three sides. The two β-strands, S1 and S2 are situated on the upper side of the opening to the heme cavity (Figure 1) . Overall, the plane of heme protoporphyrin IX moiety is slightly distorted from planarity. The pyrrole rings A, C and D are essentially planar while pyrrole ring B is slightly distorted from planarity. The iron position is shifted slightly towards the proximal side. The carboxyl group of the pyrrole ring D propionate interacts with the guanidinium groups of Arg348 and Arg440. In contrast, the ring C propionate interacts with Asp112 O δ2 , Ala112 N and a water molecule.
Substrate specificity
The substrate binding site is formed on the distal heme side. In the native structure of LPO, the substrate-binding space is occupied by six water molecules W1, W2, W3, W4¸ W5 and W6 (Figure 3 ). In the resting state, W1 is linked to ferric iron at a hydrogen bonded distance.
When H 2 O 2 is supplied, it expels W1 and forms the sixth coordination. On this side, His109 works as proton donor-acceptor residue as it is linked to a chain of water molecules that facilitate proton relay (Figure 4) . When ligands bind to LPO in the substrate binding site on the distal heme side, it plays an essential role in the enzymatic action. The substrate-binding site is surrounded by heme moiety on one side while residues, His109, Phe113, Phe254 and Arg255 occupy the opposite side. The front end of the site consists of Gln105 while Glu258 supports it from below. The other wall is made up of residues, Phe381, Phe422, Gln423 and Pro424. The substrate-binding site is connected by a long channel formed by hydrophobic aromatic residues including Pro234, Pro236, Phe380, Phe381 and Phe254 on one side while Leu421, Phe422, Gln423 and Pro424 on the opposite ( Figure 5 ). 
Specificity for aromatic compounds
The substrate diffusion channel in LPO is long and surrounded by aromatic residues from all sides. As a result it allows the diffusion of small aromatic compounds from surface to the substrate binding site on the distal heme side. The aromatic compounds such as acetyl salicylic acid (ASA) and salicylhydroxamic acid (SHA) have been shown to bind to LPO at the substrate-binding site ( Figure 6 ) (Singh et al., 2009) . It has been observed that the aromatic compounds which bind to LPO but do not expel the conserved water molecule, W1 from its original position as has been observed in the case of acetyl salicylic acid act as substrates ( Figure 6A ) while those that expel the conserved water molecule, W1 and coordinate directly with the heme iron act as inhibitors as found in the case of salicylhydroxamic acid ( Figure 6B) . Therefore, the mode of binding of substrates and inhibitors differ in terms of their positioning in the substrate-binding site. 
Structure of the LPO complex with Isoniazid
Since LPO has been shown to bind to small aromatic compounds, the binding properties of LPO with INH were examined using surface plasmon resonance technique. The protein molecule was immobilized on the chip while INH was used as a solution in a mobile phase. These measurements gave a value of 1.1  10 -6 M for the dissociation constant (Kd) for the binding of LPO with INH. In order to determine the interactions between LPO and INH, the crystal structure of the INH-bound LPO was determined (Singh et al., 2010) . The structure of the LPO-INH complex showed that INH upon binding to LPO in the substrate-binding site on the distal heme side expelled four water molecules W2, W4, W5 and W6 from the substrate-binding site on the distal heme side. Two out of six conserved water molecules, W1 and W3 remained unperturbed. INH binds to LPO with an appropriate orientation as its pyridine ring nitrogen atom is at a hydrogen bonded distance from the conserved water molecule W1 (Figure 7) . Therefore, when H 2 O 2 is introduced into the solution containing LPO and INH, it expels the water molecule W1 and the reaction gets initiated. The product isonicotinyl radical is formed as described by www.intechopen.com equations 1 to 3. This product is similar to that produced by Mycobacterium tuberculosis catalase peroxidase (MtCP) (Bertrand et al., 2004) . 
Complex of LPO with Pyrazinamide
As revealed by binding studies using surface Plasmon resonance technique, pyrazinamide (PZA) has also been found to bind to LPO with a slightly lower affinity than that of INH (dissociation constant, Kd = 1.2  10 -5 M). The structure determination of PZA-bound LPO revealed that it occupies a position in the centre of the substrate-binding site on the distal heme side. Upon binding to pyrazinamide, three water molecules, W4, W5 and W6 were expelled from the substrate-binding site. It retained three water molecules, W1, W2 and W3. The nearest nitrogen atom of PZA is about 5.5Å away from the oxygen atom of conserved water molecule W1. PZA and conserved water molecule W1 are separated from each other by another water molecule W2. The carboxamide nitrogen atom of PZA forms a hydrogen bond with W2 which in turn is hydrogen bonded at W1 (Figure 8 ). It reflects a slightly weaker affinity of PZA towards the position of W1. Howeve r, when H 2 O 2 is introduced, it is expected to move closer to H 2 O 2 and the product may be formed. The position occupied by PZA in the substrate-binding site appears to be suitable for the catalytic action by LPO. However, the nature of product is not characterized clearly.
Structure of catalase peroxidase
Mycobacterium tuberculosis catalase peroxidase (MtCP) is a dimeric bi-functional hemedependent enzyme of molecular mass of 160 kDa. Its primary function is of catalase activity. However, its role as a peroxidase is well established and its peroxidative activity is comparable with those of other mono-functional heme peroxidases (Metcalfe et al., 2008 ; Pierattelli et al., 2004) . Sofar, crystal structure of only unliganded-MtCP has been determined (Bertrand et al., 2004) . However, modeling and computational studies have indicated the binding of INH at the δ-meso heme edge which superseded the existing proposition of it being in a surface loop structure of the enzyme (Mo et al., 2004 ). Yet another important observation pertains to the role of residue Ser315 in the binding of INH.
It was suggested that Ser315 might interact with INH but it would not be involved in the catalytic action. It was further indicated that His108 on the distal heme side was involved in enzyme catalytic action ( Figure 9 ). A comparison of the binding of INH with LPO where Gln423 forms a hydrogen bond with amino nitrogen atom of the hydrazide moiety. However, it is not responsible for the catalytic action as it is important for promoting an appropriate orientation of the substrate. On the other hand, it has been shown that His109 plays the role of proton donor/acceptor as it forms two hydrogen bonds, one with pyridine ring nitrogen atom of INH and another with conserved water molecule W1. These modes of binding of INH show a striking similarity in the substrate-binding sites on the distal heme side of the two enzymes, MtCP and LPO indicating similar mechanisms of actions.
Complex of pyrazinamidase with PZA
Pyrazinamidase (PncA) activates PZA into POA. The crystal structure of Mycobacterium tuberculosis pyrazinamidase has been determined (Petrella et al., 2011) which shows that PncA folds into an /β single domain protein. It has an iron binding site involving residues Asp49, His51, His57 and His71 and consists of a catalytic triad with residues Cys138, Asp8 and Lys96. The substrate binding cavity in pyrazinamidase is a part of the cleft which is shown schematically in Figure 10 . The amino acid residues of the active site are located on www.intechopen.com one of the cleft. Although crystal structure of PZA-bound PncA is not known but it is suggested that the binding of PZA involves hydrogen bonded interaction between pyridyl nitrogen atom of PZA and the conserved water molecule W1 which is coordinated to Fe 2+ ion. Another possible interaction is provided by carbonyl oxygen atom of PZA with peptide Ala134 -Cys138. Overall, the role played by Fe 2+ ion and His57 is critical in stabilizing the structure of substrate-binding site. Finally the conversion of PZA to POA and its accumulation results in lowering the intracellular pH to suboptimal level and thus causing the inactivation of some of the critically important proteins such as fatty acid synthase resulting in the killing of bacteria (Zimhony et al., 2000) .
Discussion
Both prodrugs INH and PZA bind to LPO in the substrate-binding site on the distal heme side. In the unliganded structure of LPO, the space of the substrate-binding site is filled with six water molecules, W1, W2, W3, W4¸ W5 and W6. Upon binding to INH, four water molecules W2, W4¸ W5 and W6 are expelled from the site. In the structure of the complex of LPO with PZA, three water molecules W4, W5 and W6 are displaced. The conserved water molecule W1 occupies a position on distal heme side in the centre between the positions of heme-iron and N δ2 atom of His109. His109 is linked to a chain of six other conserved water molecules, W1, W2, W3, W4¸ W5 and W6 together with His266 and Asp253 residues interlinked between them. The pyridine ring nitrogen atom is hydrogen bonded to W1 which in turn is hydrogen bonded to N δ2 of His109 and heme iron. The position and orientation of INH are fixed in the substrate-binding site because of a hydrogen bonded interaction between amino nitrogen atom of INH and N  2 of Gln423. The position of PZA also fixed in the substrate-binding site on the distal heme side where amino nitrogen atom of PZA forms a hydrogen bond with water molecule W2 which in turn is hydrogen bonded to the conserved water molecule W1. As in the complex of LPO with INH, W1 is hydrogen bonded to heme iron and His109 N δ2 . On the other side carbonyl oxygen atom of PZA is hydrogen bonded to Gln423 N  2 . However, unlike INH where pyridine nitrogen atom is hydrogen bonded to W1, in this case carboxamide nitrogen atom is hydrogen bonded to W1 via another water molecule W2. The main difference between the two complexes is that the INH molecule interacts directly with heme water molecule W1 while PZA binds to heme water molecule W1 via another water molecule W2.
As far as the ligand binding sites are concerned all the three enzymes, LPO, MtCP and PncA show considerable similarities with strong preferences for the binding of small aromatic compounds. There is a clear evidence that INH is converted in a similar manner into active form by both LPO and MtCP indicating a direct role of LPO in the treatment of TB. Similarly, PZA also makes a good substrate for LPO which can be converted into active form as an antibacterial agent. However, the final active forms produced by LPO and PncA may not be same and the mechanism of action may be different. Nevertheless, LPO seems to have a role in the treatment of tuberculosis through its interactions with INH and PZA and it should be exploited.
